must predict the head position and trajectory of the conspecific. During nuzzling, mutual comfort and nurturance is offered via directed head movements, whereas during fighting, head direction is central to biting and avoiding being bitten. The time-scales of these behaviours are sub-second; anticipation, selection, and action must take place rapidly and quickly in order to be behaviourally adaptive. Having head direction signals in close proximity to brain regions concerned with action allows this possibility.
The molecular mechanisms that control how the centrosome increases in size and microtubule nucleation capacity during mitosis have remained elusive. Recent work using in vitro assays provide exciting clues as to how this may occur.
Centrosomes play an important part in many cell processes, including the establishment of the mitotic spindle during cell division. They are formed when pericentriolar material (PCM) is recruited around the mother centriole [1, 2] . Several hundred proteins are thought to be concentrated in the PCM, and these include major cell cycle regulators, signaling molecules and proteins involved in nucleating and organizing microtubules [2, 3] . How the PCM is assembled so as to create a functional organelle remains a key question in centrosome biology.
During interphase, the centrioles in many cell types organize relatively small amounts of PCM, which is arranged as a 200 nm toroid [4] [5] [6] [7] . During mitosis, the PCM appears to retain some of its organizational properties [4] and undergoes a dramatic expansion to reach several microns in diameter, with a concomitant increase in microtubule nucleation capacity (termed centrosome maturation). Current models propose that the expansive mitotic PCM serves as a catalytic platform for g-tubulin-containing complexes to induce microtubule nucleation [1, 2, 8] .
How does the mitotic PCM scaffold form? The catalogue of PCM proteins in various organisms is diverse in number and in sequence, with the most common feature being an abundance of coiled-coil domains (intertwined a-helices known to mediate protein-protein interactions) [2, 9] . Yet the basic features of the PCMexpansion during mitosis and microtubule nucleation functions -are generally conserved. This has led to the hypothesis that numerous coiled-coil domains could mediate robust interactions to allow formation of the PCM scaffold [9, 10] . It has been unclear for nearly two decades, however, whether such a coiled-coil assembly would be polymerized from a single core PCM protein or cobbled together from multiple proteins, and what the minimal requirements were. Recently, the Hyman and Raff labs have used in vitro reconstitution experiments to begin to solve this mystery. They have shown that recombinant versions of the coiled-coil proteins centrosomin (Drosophila) and SPD-5 (Caenorhabditis elegans) can self-assemble to form the underlying PCM scaffold onto which other PCM proteins are loaded [11, 12] . Assembly of these scaffolds in vitro was accelerated in the presence of SPD-2 and phosphorylation by PLK-1/Polo kinase, recapitulating the dependency observed in vivo [13, 14] . Now, two papers published recently in Cell from these groups have extended these findings [15, 16] , and collectively provide intriguing new evidence for a polymer-based mechanism of PCM assembly.
The Raff group examined Centrosomin (Cnn) structure and focused on two conserved regions also found in human CDK5RAP2 -an internal leucine zipper (LZ) and the carboxy-terminal Cnnmotif-2 (CM2). They expressed GFP-Cnn missing the CM2 domain in fly embryos undergoing syncytial divisions (an ideal model system because the centrosomes are perpetually in a mitotic-like state and maintain robust amounts of PCM). They found that the CM2 region was crucial for recruitment of Cnn to centrosomes and for mitotic centrosome assembly. Crystal structures revealed that the LZ and CM2 domains formed an antiparallel 2:2 complex of two parallel coiled-coils. Mutagenesis confirmed that amino acids within the interaction interface that were required for LZ-CM2 complex assembly in vitro were also required for centrosome assembly in vivo. The LZ was contained within a previously identified phospho-regulated multimerization (PReM) domain, which was shown to be phosphorylated by Polo kinase at centrosomes to drive the mitotic assembly of the Cnn scaffold in vivo [14] . The authors next tested the ability of recombinant PReM and CM2 domains to co-assemble in vitro. Strikingly, these domains polymerized into stable micronscale structures that were much larger than the LZ-CM2 tetramer, and akin to the in vivo situation, assembly was enhanced by Plk1 phosphorylation of the PReM domain. Together, these results provided the first example of a highaffinity, ordered, structural interaction that was required to assemble the mitotic PCM.
The Hyman group, in parallel, started with purified SPD-5-GFP from C. elegans and examined its assembly in vitro. When assembly was carried out in dilute buffer, SPD-5 assembled into a supramolecular network that mimicked the size and regulatory aspects of centrosomes [12] , but these structures did not resemble the dense, spherical morphology of in vivo PCM. Importantly, these reconstituted scaffolds could not nucleate microtubules. The authors therefore modified this in vitro assay to better reflect the dense molecular environment found in the cytoplasm by adding crowding agents to assembly reactions containing physiological concentrations of SPD-5. This turned out to be the seminal ingredient, as the resulting SPD-5-GFP formed micronsized, round assemblies similar to the size and shape of SPD-5-labeled PCM in vivo. Doping assays using preassembled SPD-5-RFP 'seeds' grown for different lengths of time with unassembled SPD-5-GFP revealed that the resulting polymer changed its physical properties rapidly. 'Young' seeds that were only aged two minutes before mixing were receptive to isotropic redistribution of the RFP seed within the GFP copolymer, but 'old' seeds allowed to grow for more than ten minutes did not redistribute. The latter result was confirmed using photobleaching experiments (FRAP), and led the authors to conclude that the SPD-5 scaffold displayed the characteristics of a biomolecular condensate, which is initially dynamic and liquid but, over time, coarsens to become less labile and more gel-like [17] .
Further characterization of the SPD-5 condensate revealed that it fulfilled most of the criteria representative of functional PCM. Its assembly was stimulated by SPD-2 and Plk1, and FRAP experiments with other PCM scaffold or effector proteins showed that their mobility within the condensate was similar to the values measured from the corresponding proteins in C. elegans embryos. In particular, the condensate could concentrate fluorescently labelled tubulin in the presence of two microtubuleassembly factors, TPXL-1 and ZYG-9. Strikingly, at higher concentrations of tubulin, SPD-5 condensates incubated with TPXL-1 and ZYG-9 synergistically promoted microtubule nucleation, creating robust radial microtubule arrays or asters.
At the outset, both studies have utilized elegant approaches to understand how PCM assembly occurs, and together they provide strong evidence that the PCM scaffold can be minimally reconstituted in Drosophila and C. elegans using polymers of a single coiled-coil protein -Cnn and SPD-5, respectively (Figure 1 ). With the information at hand, however, the precise mode of assembly of the two polymers appears to differ. Cnn-derived scaffolds require the high-affinity, well-ordered, LZ-CM2 interaction, while SPD-5 scaffolds appear to require macromolecular compaction of flexible, elongated domains in order to phase separate. Indeed, the authors note that based on its rich domain structure, SPD-5 is unusual compared with other proteins that are known to phase separate and form condensates. The latter group consists mainly of ribonucleoprotein granules and nucleoporins, which mediate interactions through disordered, low-complexity domains and interactions with RNA molecules [16] . It is certainly plausible that higher-affinity intramolecular interactions within SPD-5 exist, but these would only add to the efficiency of the assembly, rather than drive it. Solving the crystal structure of SPD-5 may help us to better understand the contributions of its subdomains to polymer formation and the dependency on molecular crowding. Equally, it is also possible that Cnn polymers, like SPD-5, can phase transition into a gel, with the LZ-CM2 interaction serving as an internal scaffold that allows other regions of Cnn to form other, more disordered and/or multivalent, low-affinity interactions.
Another open question is whether Cnn scaffolds formed in vitro retain the ability to nucleate microtubules in the presence of microtubule-assembly factors, as was shown for SPD-5. There appear to be subtle differences in biological context between the two systems. In C. elegans, g-tubulin may not be the sole requirement for microtubule nucleation at the mitotic centrosome [16, 18] , and alternative nucleation pathways have been described [19] . By comparison, Cnn harbours g-tubulin-binding capacity, which has been shown to be required for microtubule nucleation in vivo [20] . As such there may be functional (and correspondingly, structural) divergence between such polymeric PCM scaffolds depending on the selective recruitment of accessory factors.
It remains to be seen whether the polymer model for PCM assembly would be applicable to vertebrate model systems. Several basic features of the PCM are conserved in mammalian cells. For example, CDK5RAP2 and CEP192 -the homologues of Cnn and SPD-2 -are required for mitotic PCM recruitment and both interact with PLK1 [1] . Also mysterious is how the layered interphase PCM organization observed in Drosophila and human cells [8] relates to the polymeric mitotic scaffolds observed here. Does one transition into the other, with the interphase toroid serving as a template, or does it undergo significant reorganization? In C. elegans, it has been argued that SPD-2 and SPD-5 do not preassemble in the cytoplasm prior to incorporation into the PCM [1] . In human and Drosophila interphase cells, the large centriole and PCM-associated protein pericentrin (PCNT/Plp) form oriented fibrils that extend away into the PCM from the mother centriole, and provide the limiting volume in which CDK5RAP2/Cnn and CEP192/ Spd-2 reside. Since C. elegans has no apparent PCNT homologue, another protein may provide an equivalent role in the PCM, or it may point to alternative pathways of PCM assembly [8] .
It will be crucial to understand how celltype-specific modulation of centrosome condensate biogenesis is intertwined with myriad signaling events that control cell differentiation and animal development. It will also be of importance, for example, to consider alternative roles for such condensates in nucleating microtubules outside the centrosomes (e.g., from the spindle and chromosomes) or in other centrosome-related processes not directly linked to microtubule nucleation (e.g., cell motility). The in vitro assays established by Raff and Hyman to monitor PCM assembly have now unquestionably opened the door for examining the conservation of this process, and have paved an exciting road ahead for centrosome biology. Assembly of these networks is enhanced in the presence of PLK-1 and SPD-2. These scaffolds 'mature' in a time-dependent manner such that no internal rearrangements occur after 10 min, displaying the physical properties of a liquid to gel-like phase transition [16] . The outer edges of this condensate are predicted to delimit the centrosome boundary. These SPD-5 condensates require only two other microtubule assembly factors (the XMAP215 and TPX2 homologs ZYG-9 and TPXL-1) and g-tubulin to form robust microtubule arrays.
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Dispatches
A neuron responding to moist air and its ionotropic receptor have been identified in Drosophila melanogaster. Moreover, second-order neurons integrate temperature and humidity information before reaching higher brain centres. 
